This study deals with the mechanical behavior of the austenitic stainless steel, AISI 304, under quasi-static and impact loadings. In particular, the evolution of the transformation-induced plasticity (TRIP) is investigated. Several compression tests have been performed at various strain rates under both static and impact conditions (crash tests). In order to show the influence of the strain rate on the phase transformation, the microstructures of as-received and deformed specimens have been observed with a scanning electron microscope. Then, the newly formed ferromagnetic martensitic phase is analyzed with the help of the vibrating sample magnetic (VSM) method and by X-ray diffraction (XRD). The results obtained from the mechanical testing indicate that the TRIP effect is actually occurring since a significant change of the curve slope is visible during the hardening regime in the stress-strain curve. The VSM and XRD techniques, on the other hand, show that the proportion of the martensitic phase is reduced when the strain rate is increased. The quantity of martensite formed is greater when quasi-static loadings are applied to the material.
I. INTRODUCTION
DUE to its good mechanical, chemical, and physical properties, stainless steel is widely employed in many sectors of industry. Several classes of this material have been developed for various applications and are used in daily life. In the present study, we deal with a certain type of stainless steel which is characterized by the transformation-induced plasticity (TRIP) effect. [1] This stainless steel is usually employed in safety-critical parts like hinges, as well as in stiffeners of complex shapes. Gala´n et al. [2] assessed that TRIP steel are good choice for crash performance due to their excellent energy absorption ability, high strain-hardening rates, high mechanical strength combined to a strong bake hardening effect. So, these steels are used in structural and reinforcement parts of complex shape, cross members, longitudinal beams, sills, and bumper reinforcements in automotive. [3] The TRIP phenomenon corresponds to the transformation of austenite to martensite under the effect of mechanical loading, heating, or both. Zackay et al. [4] attribute the high strain-hardening rate of TRIP steels to the deformation of the hard second-phase martensite dispersed in the soft ferrite matrix as well as to the transformation of retained austenite to martensite which increases the hardening rate at higher strain levels during deformation.
The ductile austenitic matrix, containing lath martensite after the phase transformation, has not only a greater elongation at rupture but also a greater strength. The plastic strain originating from the martensitic transformation is referred to as transformation plasticity. [5] [6] [7] This form of plasticity contributes remarkably to the mechanical properties of this class of stainless steels by improving their ductility, strength, strain-hardening capacity, and delays the occurrence of necking. [8] [9] [10] Sachedv [11] studied the effect of residual austenite on the tensile behavior of a dual phase steel at temperatures between À 50°C and 187°C, suggesting that the ductility of dual phase steels can be further improved by optimizing the stability of the retained austenite. Authors [12] [13] [14] concluded that the rate of transformation of retained austenite and thus, its mechanical stability are the key factors that influence the work hardening behavior of TRIP-assisted steels.
Olson and co-workers [15] [16] [17] [18] [19] studied the mechanism of the strain-induced nucleation of martensitic transformations and its effect on the overall behavior of material. They proposed a numerical model for transformation plasticity accompanying strain-induced martensitic transformations in metastable austenitic steels.
The martensitic transformation can lead to two types of microstructure: martensite is either in the form of lath martensite with high dislocation density [4, 20] or it has a needle-like microstructure.
Many studies [21] [22] [23] have shown that the improvement of the material properties of the TRIP steels is related to two microscale mechanisms, the Magee mechanism [24] [25] [26] and the Greenwood-Johnson mechanism, [27] [28] [29] respectively. It is now generally accepted that the Magee mechanism corresponds to the formation in the austenite of the martensitic variants due to the local stress state, while the Greenwood-Johnson mechanism corresponds to the microscale plasticity arising in the austenite from the expansion of the newly formed phase. Among these studies, the investigations in References 30-32 have concluded that, during cooling under loading, a stress variation induces a variation of transformation plastic strain of opposite sign. The influence of the strain rate on the kinetics of the martensitic transformation for small levels of deformation (e = 0.2) was investigated in Reference 9; it was established that the proportion of formed martensite increases when the strain rate is increased. For larger deformations, the trend is reversed; in that case, the proportion of formed martensite is higher for lower strain rates. This phenomenon can be explained by the fact that the latent heat of martensite formation and the heat related to the plastic process become extremely high in the case of relatively fast strain rates to allow the phase transformation to continue. Talonen et al. [33, 34] have shown that, for the unstable austenitic steel AISI 304, a strain level of 30 pct with a strain rate of 10 s À1 results in a temperature increase of 60°C. Lebedev [35] has performed uniaxial tensile tests, torsion tests and compression tests on the austenitic steel AISI 304, concluding that the TRIP effect occurs earlier under uniaxial tension than under torsion or under compression. This is explained by the fact that, under tension, the number of martensitic nucleation sites is larger. Miller and McDowell [36] have measured for the stainless steel 304L a greater proportion of formed martensite under compression than under torsion. The experiments carried out by Iwamoto et al. [37] on a stainless steel indicate that, in the case of small strains, the martensitic transformation in uniaxial compression occurs at an earlier stage than in uniaxial tension. Kru¨ger et al. [38, 39] carried out dynamic compression tests on TRIP steels to determine the dependence of their transformation on the loading rate. The tests show that the proportion of martensite decreases when the strain rate is increased. However, yield strength is increased in the dynamic case. The tests performed by Yoo et al. [40, 41] with stainless steel AISI 304 under tension at low strain rates demonstrate that the strain rate has an influence on the global behavior of steel, in particular at low temperatures. This present work is dedicated to the investigation of the TRIP effect in the stainless steel AISI 304. Both the mechanical behavior of the material and the evolution of its microstructure before and after loading are analyzed. The main objective is to get a deeper understanding of the TRIP mechanism under dynamic loading (impact test). Quasi-static loading is also considered in the study in order to reproduce the well-established characteristics associated with the TRIP mechanism and assess the validity of our experimental setup. In Section II, the various experimental techniques used for the microstructural observations and the methods employed for testing and evaluating the material properties are presented. Among other techniques, the vibrating sample magnetic (VSM) method, used to quantify the amount of the formed martensitic phase, is described. In Section III, the results of the various loading tests under static and dynamic conditions are discussed. The different data collected from all the performed measurements are analyzed in relationship with the martensitic transformation in the material. Finally, in Section IV, conclusive remarks are made on the experimental work carried out in this study and perspectives are proposed for completing this work with, in particular, a modeling approach of the TRIP mechanism under dynamic loading.
II. EXPERIMENTAL METHODS
The material under investigation is an austenitic stainless steel AISI 304. [42] The specimens used for the tests are in the form of rods with a cross-sectional diameter D = 7 mm. The chemical composition is given in Table I . This steel grade is unstable at ambient temperature and promotes the martensitic transformation under the effect of plastic deformation due to the small amount of nickel (8.05 pct). Table II summarizes the mechanical properties of the material.
The quasi-static compression tests are done with a universal tensile machine INSTRON at 3 strain rates: 10 À4 , 10 À3 , and 10 À2 s À1 , respectively. The geometry and dimensions of the specimens are represented in Figure 1 . The same dimensions are used for the impact tests with falling weight at 3 different speeds: 5, 6, and 8 m s À1 , respectively. The falling weight impact tester is schematized in Figure 2 .
The Brinell hardness tests are carried out on a ''Weinheim-Birkenau'' device on polished samples before and after deformation with a load of 60 N and a holding time of 10 seconds.
The micro-hardness tests are carried out on a ''Zwich Roell ZHV'' type apparatus on polished samples which were subjected to an electro-chemical attack to reveal the austenitic and martensitic phases. The indenter is of Brinell type. A charge of 588 N is imposed with a holding time of 5 seconds on samples before and after deformation.
X-ray diffraction was done to identify the nature of different phases. For this, a Panalytical X'PERT Pro diffractometer with CuKa radiation using 40 kV operating voltage and 40 mA current was used to study our samples. The diffracting angle 2h was scanned from 0 to 140 deg with step size of 0.016 deg and measuring time of 8 seconds per step.
The SEM analyses are carried out on a Philips XL30 apparatus with tungsten filament in BSE (back scattered electron) mode to reveal the chemical contrast on polished samples.
The vibrating sample magnetic method is used to analyze the formation of the martensitic phase. The principle of the VSM method is to measure the induced flux in the resistive detection module based on the periodical shift of the sample with magnetization M (Figure 3 ). The sample is placed at the center of the detection module and is subjected to vibrational motion with frequency f 0 and amplitude A. The detection module is made of 4 copper coils connected in series opposition and paired up in a two-coil compensation configuration to obtain both axial and radial compensations. The specimen of dimension 3 9 3 mm is inserted into the VSM equipment and subjected to maximum inductor magnetic field of 2T, aiming to get magnetization of saturation for each sample before and after deformation.
III. RESULTS AND DISCUSSION

A. Quasi-Static Testing
The stress-strain curves obtained under quasi-static compression for different strain rates are plotted in Figure 4 . It can be noted that the response of the material is rather weakly affected by the deformation rate when the overall strain remains under 17 pct. When this threshold is exceeded, the effect of the deformation rate is quite visible with increased strain-hardening when the strain rate is low. This suggests that the formation of martensite is inversely proportional to the deformation rate. [43] [44] [45] Figure 5 shows the amounts of martensite and austenite phases after different loading speeds. The 256-VOLUME 51A, JANUARY 2020 obtained martensite fraction decreases as the loading speed increases. [44] The evolutions of the maximum stress (corresponding to the ultimate strain applied to the specimens) and the hardness correlate with martensite fraction as reported in Figure 6 . Again, it can be observed that these quantities are greater when the deformation rate is lower, which is consistent with the stronger formation at lower rates of the martensite phase. [46, 47] This latter phase is stiffer than the austenite parent phase. The shapes of the specimens before and after compression are shown in Figure 7 .
B. Impact Testing Figure 8 shows the stress-strain curves during impacts with falling weight at different speeds, while a photograph of the specimens before and after the impacts is shown in Figure 9 with three speeds: 5, 6, and 8 m s À1 . The difference between the three compression curves is probably due to the formation of martensite. The amount of formed martensite is decreased by arguing the effect of the impact speed on the slow down of martensite transformation kinetics ( Figure 10 ). [45, 48] The X-ray diffraction analysis results were conducted by EVA software. That permitted the determination of the compounds corresponding to each peak of diffraction. In fact, the results revealed the existence of two phases; c-austenite and a'-martensite. The X-ray diffractograms show that the intensity of the (111) peak corresponding to the a¢ martensite increases and the intensity of the (110) peak corresponding to the austenite decreases. They show too the appearance of a new Fig. 11 -SEM views of specimen cross-sections before and after impact at the three different speeds. peaks such as a(2 2 0), a(311) and a(2 2 2), and the disappearance of the others like c(2 1 1). [49, 50] Figure 11 gives an illustration of the microstructural observations made with the Scanning Electron Microscope (SEM) on the deformed specimens. The structure of the a-martensite phase can be clearly distinguished on the three micrographs corresponding to the three rates, respectively. The martensite is formed in each case with a structure of long laths. [51, 52] Figure 12 gives the fractions of the martensite and the residual austenite phases obtained for each tested rate, i.e., 5, 6, and 8 m s À1 in terms of impact speeds (or 294, 352, and 470 s À1 in terms of strain rates). The amount of formed martensite is well correlated to the speed of the impact, with a greater amount of this phase being produced at lower speed. [53] Figure 13 shows the measured macro-hardness (Brinell) for the various speeds and at different locations along the slug. For a given impact speed, the hardness is quite uniform along the sample. The hardness is the highest for the smallest impact speed, pointing to the larger amount of martensite under these circumstances. Figure 14 shows the measured macro-hardness is correlated with martensite fraction.
Micro-hardness was also investigated with respect to the deformation rate. Figure 15 provides the micro-hardness of both the austenite and the martensite phases. It is noted that the micro-hardness of the martensite phase decreases when the speed is increased, whereas the micro-hardness of the austenite phase follows the opposite.
The hysteresis loops (resulting from an applied magnetic field) of the deformed specimens are presented in Figure 16 for the different impact speeds. The reference specimen, which is undeformed, is nonmagnetic. The values of the coercive magnetic field retrieved from the loops associated with the various impacted specimens are reported in Figure 17 . The level of this field is reduced when the deformation rate is high, indicating again that less amount of martensite is formed for higher speeds of impact. [54] To calculate the martensite volume fraction obtained in the magnetic characterization, the following equation was used as suggested by Shimozono et al. [55] :
where: M S is the magnetic saturation of the tested sample in the VSM. M S is the magnetic saturation of the sample considering its total transformation to martensite. M S was calculated using the equation obtained from Slater Pauling curve. [55] M s ¼ 2:2 : 1 À x À y ð Þþ0:6x f g Á 1:003 ½2
where x and y are the molar fractions for Ni and Cr, respectively. The evolutions of the saturation and remnant (residual) magnetizations (M s et M r ) for the tested specimens are plotted in Figure 18 with respect to the impact speed. The magnetic induction at saturation drops when the deformation rate is increased due again to the martensite formation in lesser proportions. [56, 57] Figure 19 shows the calculated magnetic susceptibility correlate with martensite fraction, i.e., a dimensionless proportionality factor measuring the degree of the material magnetization in the applied magnetic field, as well as the magnetic permeability, which is a close related parameter expressing the ability of the material to support the formation of a magnetic field inside itself. The values of both magnetic parameters drop when the deformation rate is higher. [58, 59] As was the case with all previous analyses done with other types of experimental techniques, the amount of formed martensite is maximal for the lowest tested deformation rate. 
IV. CONCLUSION
In this study, the TRIP mechanism occurrence in the unstable stainless steel AISI 304 has been experimentally investigated under quasi-static and impact testing conditions. Formation of martensite has been demonstrated through multiple measurements and observation techniques, while the effects of the loading conditions, mainly the deformation rate, have been established. Macro-and micro-hardness measurements, as well as microscope views, have confirmed that the TRIP mechanism is present in the selected material. Impact tests with a falling weight have been also performed at different speeds in order to assess the influence of the deformation rate on the proportion of martensite that is consequently formed. SEM and XRD analyses indicate that the martensite is formed with a structure of long laths. The magnetic characterization of the specimens with the VSM technique has confirmed the latter analyses at the scale of the entire sample and has permitted to quantify the martensite phase thanks to its Fig. 19 -Evolutions of the magnetic susceptibility and permeability for the three tested deformation rates correlated with martensite fraction. magnetic properties. As for the influence of the impact speeds, it has been found that the amount of martensite that is formed is inversely proportional to the deformation rate. This result is also corroborated by the hardness measurements: the formation of the stiffer martensite phase compared to the austenite phase leads to the increase of the macro-and micro-hardness values. As lesser proportions of martensite are formed at high deformation rates, the hardness is weaker for elevated impact speeds.
As perspectives for this work, the authors propose to develop a numerical model accounting for the two-phase (austenite and martensite) and being capable of reproducing the martensitic transformation under dynamic loading. Formulated in the finite element framework, the model should be confronted with the present experimental findings. At a later stage, the model may be used in simulations to optimize the energy absorption capacity of AISI 304 steel-based structures. On the experimental level, improvements can be made in the characterization by conducting biaxial and triaxial dynamic loadings in order to assess the effect of the stress triaxiality on the martensitic transformation.
